Surgery for spinal deformities or degenerative lumbar disease may be associated with blood loss ranging from 30% to 100% of the patient's total blood volume [18, 26, 68, 79, 85, 87] . This loss of blood is related to the complexity of the procedure, duration of surgery, number of fused levels, anaesthetic technique and the patient's comorbid conditions [18, 26, 68, 76, 79, 85, 87] . Extensive bleeding may lead to rapid fatal consequences and to risks associated with allogenic blood transfusion [4, 8, 36, 40, 81] . Measures should be taken to minimise these risks [18, 26, 50, 58, 64, 65, 66, 68, 79] .
Introduction
Surgery for spinal deformities or degenerative lumbar disease may be associated with blood loss ranging from 30% to 100% of the patient's total blood volume [18, 26, 68, 79, 85, 87] . This loss of blood is related to the complexity of the procedure, duration of surgery, number of fused levels, anaesthetic technique and the patient's comorbid conditions [18, 26, 68, 76, 79, 85, 87] . Extensive bleeding may lead to rapid fatal consequences and to risks associated with allogenic blood transfusion [4, 8, 36, 40, 81] . Measures should be taken to minimise these risks [18, 26, 50, 58, 64, 65, 66, 68, 79] .
Over the last 30 years, considerable efforts have been made to develop new blood-conservation strategies that Abstract Spine surgery may be associated with profuse intraoperative bleeding that often requires blood transfusions. In recent years several techniques have been developed to avoid allogenic transfusions and their potential complications to surgical patients. In this study we review and analyse the role of preoperative recombinant human erythropoietin (rHuEPO) administration in spine surgery as a blood conservation strategy. Between 1998 and 2002, a total of 250 patients scheduled for spine surgery were included in our bloodsparing program: 114 patients (group 1), operated on before rHuEPO approval (2000), underwent preoperative autologous blood donation (ABD) alone, and 136 patients operated on after rHuEPO approval (groups 2 and 3) received rHuEPO while undergoing ABD. Adding rHuEPO to ABD resulted in higher haemoglobin and haematocrit values the day of surgery, more ABD units retrieved per patient and, consequently, reduced allogenic transfusion requirements. The effectiveness of rHuEPO as the only preoperative blood conservation technique was evaluated in ten patients with a predicted blood loss of less than 30% of their total volume, scheduled for lumbar surgery. Data from these patients were matched with those from a similar group of patients who had undergone ABD. Patients receiving rHuEPO alone had higher haemoglobin levels the day of surgery than did patients in the ABD program. Neither group required allogenic transfusions. Conclusions: preoperative rHuEPO is useful for reducing allogenic blood requirements in elective spine surgery. In patients with an expected blood loss of around 50% of blood volume, rHuEPO improves ABD, minimising preoperative anaemia and increasing the number of ABD units collected. In patients with expected blood loss below 30% of total volume, rHuEPO administration may replace ABD.
will avoid allogenic transfusion. The most common include drug therapy (desmopressin [2, 58] , aprotinin [25, 85] , tranexamic acid [27, 65] , hypotensive anaesthesia [59, 83] , and autotransfusion techniques, such as normovolemic acute hemodilution [14, 19, 56, 67] , perioperative salvage [3, 28, 56] , postoperative salvage and autologous blood donation (ABD) [39, 49, 57, 64, 80, 88] . During the 1990s a new drug, recombinant human erythropoietin (rHuEPO), was added to the repertory of blood-conservation techniques [6, 9, 32, 33, 73] . This hormone plays a major role in patients undergoing elective surgery in which moderate or profuse blood loss is expected [22, 48, 74] . However, despite its approval for this purpose more than 3 years ago, very little information is available on its effectiveness in elective spine surgery [76, 77, 79, 86] .
Erythropoietin
Erythropoietin (EPO) is a hormone that regulates erythropoiesis, acting on erythroid-colony-forming units by stimulating progenitor cell differentiation in the bone marrow. EPO accelerates maturation of proerythroblasts to reticulocytes, stimulates the synthesis of haemoglobin (Hb), and promotes the release of reticulocytes to the circulation and their differentiation into mature red blood cells [10, 20] .
Erythropoietin is a 165-amino-acid glycoprotein with a molecular weight of 30,400 dalton. Approximately 90% is produced in the interstitial peritubular cells of the kidney. Normal plasma levels range 5-30 mU/ml and are regulated by tissue hypoxia and the various factors that influence oxygen availability in peripheral tissues [10, 20] . The human gene for erythropoietin is present as a single copy on chromosome 7 (q11-q22) and is comprised of 5 exons (582 base pairs) [10, 20, 48] .
Recombinant human erythropoietin (rHuEPO) is a biosynthetic form of the natural hormone having the same biochemical structure and biological effect [12, 13, 20] . There are two types of rHuEPO: the alpha type and the beta type, presented in lyophilised form and reconstituted with saline solution [12, 13, 73] .
Erythropoietin in surgery
Based on its success in the treatment of anaemia associated with chronic renal failure and chemotherapy [45, 52, 60] , rHuEPO was contemplated for use in surgical patients to elevate preoperative haemoglobin values and facilitate the predeposit of autologous blood, thereby decreasing the need for allogenic blood transfusions. This hypothesis was confirmed in several studies involving orthopaedic surgery, [9, 16, 22, 23, 30, 53, 74] , and this led to the registration of rHuEPO for clinical practice in Spain in October, 2000. It is now also used in cardiac, prostate and oncologic surgery for this purpose [52, 71, 73] .
Dosing
Recombinant human erythropoietin can be administered intravenously or subcutaneously. It reaches peak plasma concentration faster by the intravenous route, although the half-life is shorter (5-10 h) [73] . Availability is lower with subcutaneous administration, but the half-life is longer (12-18 h) [73] , and this route is usually recommended for the management of perioperative anaemia [12, 13, 48, 73] .
Initially, the recommended dose was 300 IU/kg/day during 15 days [15] . However, Goldberg et al. [30] demonstrated that a weekly dose of 600 IU/kg starting 3 weeks before the procedure achieved a higher increase in haemoglobin (1.44g/dl vs 0.73 g/dl) with comparable safety and efficacy, and lower cost.
Current recommended dosage is 600 IU/kg of subcutaneous rHuEPO weekly, given over 3 weeks (days 21, 14, and 7 before the surgical procedure) and on the day of surgery. In practice, administration of a 40,000 IU vial weekly is recommended in adults with a mean weight of around 65 kg. The 40,000 IU dose is authorised exclusively for preoperative rHuEPO treatment. When haemoglobin levels reach 15 g/dl at any of the preoperative analyses, rHuEPO administration is interrupted indefinitely [6, 12, 13, 22, 23, 48, 82] .
The dosing regimen for patients in the ABD program is somewhat different. Recommended dosage in these patients is 600 IU/kg (or a 40,000 IU vial), twice a week during the period that blood is being collected [5, 22, 23, 24, 30, 41, 74, 82] . Again, when haemoglobin reaches levels above 15 g/dl, the dose is not administered.
Blood levels of ferritin, folic acid and vitamin B 12 should be checked before initiating rHuEPO therapy. When concentrations of these blood components are low, additional treatment to recover adequate levels is essential before administration of rHuEPO. Oral administration of 200-300 mg/day of iron is necessary to compensate for the expenditure of ferritin reserves, due to the increasing erythrocyte mass in response to rHuEPO [6, 22, 51] . If possible, iron supplementation should be started at least 1 month before rHuEPO therapy to achieve adequate reserves and assure the efficacy of the hormone [29, 73] .
Side effects
Recombinant human erythropoietin is considered to be a safe drug, although some side effects, such as headache, flu-like states and higher blood pressure levels in hypertensive patients have been observed [13, 21, 35 
Role of rHuEPO in preoperative autologous blood donation
Increasing awareness of the risks linked with transfusion of allogenic blood products has led to much more widespread use of preoperative autologous blood donation [72] . Nevertheless, ABD may involve certain problems inherent to the process, such as anaemia or adverse reactions on the part of the patient during donation, wastage of blood units due to delayed surgery, or clerical errors in blood labelling and storage [1, 4, 38, 74, 84] . Moreover, in certain circumstances it may be difficult to collect sufficient blood to cover the estimated loss during surgery [7, 17, 41, 43, 48, 70] .
Even with the availability of anticoagulant preservation solutions, it is still necessary to perform blood withdrawal within a maximum of 42 days before the operation. For this reason, a considerable percentage of patients following an ABD program reach surgery with a lower haemoglobin value than when they entered the program [1, 37, 39, 42, 46, 61, 63] , and when this value is significantly lower, their transfusion requirements increase [7, 11, 33, 43, 44, 48] .
The interval between donations should not be less than 3 days, and the final collection should be performed at least 72 h before the operation [38, 72] . Patients with a moderate degree of anaemia (Hb 10-13 g/dl) and requiring a predeposit of more than 4 units will have serious difficulties providing sufficient autologous blood [17, 42, 46, 61, 62] . Erythropoiesis stimulation with rHuEPO can be very beneficial in these patients [17, 23, 41, 61, 71, 72, 84] .
Since 1998, 250 patients have participated in the program of blood-sparing techniques in our spinal surgery unit. Candidates for this program include all patients undergoing spinal surgery whose expected blood loss is greater than or equal to 20% of their total blood volume and who have no contraindications for ABD. The exclusion criteria are urgent surgery, or predicted perioperative blood loss of less than 20% of the total volume. Approval of rHuEPO use in October 2000 resulted in changes in the treatment protocols for patients included in the program.
The 114 patients participating between 1998 and 2000 (group 1), 39 men and 75 women, were managed with ABD exclusively. The large majority had scoliosis or degenerative lumbar disease. Between 2001 and 2002, 136 patients were included in the program. These were divided into two groups according to their preoperative diagnosis and expected blood loss. Group 2 included 88 patients, 31 men and 57 women, with multilevel (two or more lumbar segments) degenerative lumbar disease and an expected perioperative blood loss of around 50% of the total volume. Group 3 comprised 48 patients, 10 men and 38 women, with idiopathic or degenerative adult scoliosis, or complex adult deformities and an expected blood loss of nearly 100% of the total volume. Demographic data from these groups are detailed in Table 1 .
All patients followed a standard ABD program consisting of serial blood collection every 7 days (provided that haemoglobin levels remained above 10 g/dl) and 525 mg of ferric sulphate 3 times daily, starting approximately 2 months before surgery. Groups 2 and 3 additionally received subcutaneous rHuEPO at a dose of 40,000 IU, according to the above-described dosing regimen.
The baseline haemogram showed no major differences among the patient populations, although baseline haemoglobin levels were slightly higher in group 1 than in groups 2 and 3. A gradual decrease in haemoglobin was observed in group 1 as patients underwent serial blood collection (Table 2 ). In groups 2 and 3, haemoglobin levels remained constant at around 12.5 g/dl after the second collection and up to the day of surgery. The effect of rHuEPO on haemoglobin levels and the haematocrit in the three groups is shown in Figures 1a and 1b . Table 3 summarises the proportion of patients meeting ABD previsions for each study group. The percentage of patients able to donate the anticipated required units was 83.9% in group 1, 100% in group 2 and 98% in group 3. Recombinant human erythropoietin administration resulted in a higher number of donated autologous blood units (Tables 4 and 6) , with a mean of 1.57 units per patient in group 1, 2.96 units per patient in group 2 and 4.19 units per patient in group 3 (Table 6 ). In groups 2 and 3 12 when ≤5 ABD *Haemoglobin concentration (Hb, g/dl) was evaluated before starting ABD. **Haemoglobin was also analysed on the day of surgery for patients who had five or fewer collections (≤5) Fig. 1 Haemogram values during the study. Haemoglobin a and haematocrit b were determined at the beginning of the study (baseline), before each rHuEPO administration and/or ABD and on the day of surgery. Groups 2 (᭹) and 3 () underwent up to five ABD and five rHuEPO administrations; and group 1 (᭜) underwent ABD only (ABD plus EPO), 50% of patients gave more than 3 units, whereas only 37.5% of patients in group 1 (ABD alone) were able to donate more than 3 units (Table 4 ). In group 3, which included patients with complex spinal deformities, expected blood loss of nearly 100% of total volume, and actual average blood loss of 3,408 cc (Table 5) , 5 units were obtained in 18.4% of patients. This meant that 24 patients (50%) arrived at surgery with the anticipated coverage. In contrast, only 1.8% of patients in group 1 were able to provide 5 units.
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In terms of effectiveness and waste, rHuEPO provides evident advantages in blood-sparing programs. First, it increases the efficacy of ABD by reducing the number of allogenic blood units required. With a similar mean blood loss in groups 1 and 2 (Table 5) , transfusion of allogenic blood was necessary in 14 patients in group 1 (12.28%) and only two patients in group 2 (2.27%) ( Table 6 ). Only seven patients (14.58%) in group 3 required allogenic blood, even though two of these seven patients had withdrawn from rHuEPO treatment during the study. A third patient in this group suffered a major complication during surgery (massive bleeding from vascular injury and loss of 16 l of blood). Excluding these three exceptional cases, the efficacy of ABD plus rHuEPO in this complex group would be 91.7%.
Autologous blood-donation waste, reflected in the number of non-transfused autologous blood units, was 16 ABD units in group 3 (8.12%), 45 ABD units (17.30%) in group 2 and 35 units (19.44%) in group 1 (Table 6) .
Some of the patients in the program did not receive all of the rHuEPO anticipated, since their haemoglobin values exceeded 15 g/dl. In addition, the mean rHuEPO doses administered in both the treated groups were lower than those recommended [31] . In group 2, with a mean of 2.96 ABD units per patient, mean rHuEPO received was 3.28 doses per patient. In group 3, with 4.19 ABD units per patient, the number of rHuEPO doses was 4.75.
No adverse events were recorded in any of the patients receiving rHuEPO. Two patients from group 3 decided to stop rHuEPO treatment after the second blood collection, one because she was not convinced of the efficacy of this measure and the other because of general fatigue.
On the fifth postoperative day and at hospital discharge, all the patients studied presented haemoglobin levels and haematocrit within the normal range (Figures 2a and 2b) .
Role of preoperative rHuEPO in elective surgery as the only blood-sparing technique
Various clinical trials have assessed the usefulness of rHuEPO as the only blood-sparing technique used in elective orthopaedic surgery (other than spine surgery) [15, 23, 24, 30, 55, 74, 82] . In several randomised, placebocontrolled trials, preoperative rHuEPO administration significantly reduced transfusion requirements. Treated patients present higher haemoglobin levels than controls on the day of surgery. This effect is evident in procedures where blood loss is expected to be approximately 30% of the patient's total calculated volume [23, 53, 55, 74, 78] . Generally, this degree of blood loss is typical in primary, unilateral hip or knee arthroplasty.
A number of clinical trials [15, 22, 23, 24, 30, 31] have been conducted to determine the ideal preoperative dosing regimen for rHuEPO and the type of patient that can most benefit from this treatment. These studies included a total of 824 patients undergoing scheduled orthopaedic surgery, mainly arthroplasty of the hip, knee or shoulder, in which moderate blood loss (900-1800 ml or 25%-30% of total volume) was anticipated. Two different doses of rHuEPO (100 IU/kg or 300 IU/kg, subcutaneously) were used, beginning administration 10 days before surgery and ending 4 days after (15 doses) [15, 22, 23, 24, 30, 31].
The results of these studies suggest that a preoperative haemoglobin value greater than 13 g/dl is a good indicator that transfusion will not be needed [24] . Patients with haemoglobin levels of 10 to 13 g/dl at the beginning of treatment benefit the most from the effect of rHuEPO, with reductions in allogenic transfusions of 50% to 70% [15, 30, 31, 69] . In moderately anaemic patients approaching scheduled orthopaedic surgery, rHuEPO as a first-line treatment is well-tolerated and is associated with a shorter hospital stay [15] . As mentioned above, the recommended regimen nowadays is four doses of 600 IU/kg/week, beginning 3 weeks before surgery [31]. 2 Haemogram values after surgery. Follow-up of haemoglobin levels and haematocrit was done on a day 5 after surgery and b on the day of hospital discharge. White bars indicate group 1, dotted bars group 2 and black bars group 3. Haemoglobin values are given as g/dl and haematocrit as % Using this dosing schedule, Stowell et al. [82] performed an open, randomised, multicenter study with parallel groups comparing the safety and efficacy of rHuEPO treatment (600 IU/kg on days -21, -14, -7 and 0) with that of standard ABD (2 predonated units). The study included 490 patients scheduled for total hip or knee arthroplasty, with baseline haemoglobin values of 10 to 13 g/dl. Haemoglobin levels over the entire preoperative period were higher in the rHuEPO group than in the ABD group. Mean haemoglobin values on the day of surgery were 13.8 g/dl in the patients receiving rHuEPO and 11.1 g/dl in the ABD patients. These differences resulted in a lower total transfusion rate (12.9% in rHuEPO vs 74.4% in ABD) and a lower rate of allogenic blood transfusion (12.9% in rHuEPO vs 19.2% in ABD). These data suggest that in patients with haemoglobin values greater than 13 g/dl, this type of surgery can be performed with lower transfusion requirements.
This technique has been applied in orthopaedic surgery in which the typical bleeding risk is around 30% of the total blood volume [24, 30, 33, 70, 82] . The characteristics of this type of surgery are similar to those of lumbosacral procedures. Table 6 shows that there is a high percentage of wasted units of autologous blood in groups 1 and 2 of our series (19.4% and 17.3%, respectively). These two groups (particularly group 2) are comprised of patients who underwent lumbosacral surgery with blood losses (1,862 cc for group 1 and 1,793 cc for group 2) of around 30% of the total volume. We hypothesised that this type of patient could be managed without ABD, if haemoglobin values were above 13 g/dl at the day of surgery.
To investigate this idea we designed a case-control study comparing rHuEPO administration with ABD as single blood-sparing approaches in patients undergoing lumbosacral surgery, with expected blood losses of 30% of the total blood volume. The study included 20 patients scheduled for surgery to treat degenerative lumbar spine disease. Ten patients (EPO group) received treatment with 40,000 IU of rHuEPO in four separate doses given 21, 14 and 7 days before surgery and on the day of surgery. Data from these patients were cross-matched with data from patients managed with ABD alone (ABD Group). We identified 10 patients with diagnoses and surgical procedures similar to those of the EPO group, from whom an average of 2.8 units of autologous blood had been retrieved preoperatively.
As is shown in Table 7 , the duration and type of surgery were similar in the two groups (p=0.1), although perioperative blood loss was significantly higher (p=0.03) in those who received rHuEPO. Baseline haemoglobin values were also comparable in the two groups (EPO group's 12.9 g/dl vs ABD group's 13.05 g/dl, p>0.1). Nevertheless, whereas in the EPO group haemoglobin had increased to 14.2 g/dl on the day of surgery, in the ABD patients haemoglobin had dropped to 10.7 g/dl (p=0.004).
Haemoglobin levels on the day after surgery were still higher in the EPO group (11.9 g/dl vs 8.8 g/dl, p=0.005), but similar values were recorded on discharge from the hospital (EPO group's 11.1 g/dl vs ABD group's 11.1 g/dl, p>0.1). None of the patients in either group required allogenic blood transfusion.
In summary, the group treated with rHuEPO presented higher preoperative haemoglobin levels than those of the ABD group. Despite significantly greater intraoperative bleeding, none of the rHuEPO patients required allogenic blood transfusions and, upon discharge, haemoglobin levels were similar to those of the ABD group. Our results suggest that lumbosacral surgery with estimated blood losses lower than 30% of total blood volume can be performed without the need for allogenic blood if preoperative haemoglobin concentrations are higher than 13 g/dl. Recombinant human erythropoietin therapy is a safe, effective method to reach these levels.
Discussion
Autologous blood donation has become the gold standard for blood conservation in elective spine surgery. Nevertheless, this technique has some limitations, one of the most important being the anaemia caused by repeated blood collection, which can limit the number of units recovered and, in some cases, lead to clearly insufficient haemoglobin levels at the time of surgery [38, 41, 43, 47, 48, 57, 64] . Addition of rHuEPO therapy to the predonation program allows patients to undergo surgery with haemoglo-S45 Blood management is most difficult in adult patients with complex deformities requiring very aggressive surgery with circumferential approaches and long spinal instrumentation. These patients, comprising group 3 of our series, can present blood losses equal to their total blood volume [79, 85] . Shapiro et al. [79] published a randomised controlled trial analysing the effect of rHuEPO treatment on patients in an ABD program. The patients had been scheduled for complex spinal reconstruction and were very similar to the patients in group 3 of our series in terms of type and duration of surgery, blood loss and number of days of hospitalisation. All those in the group treated with rHuEPO were able to comply with the foreseen perioperative autotransfusions, as compared to 78% of patients in the control group. Moreover, only 24% of patients receiving rHuEPO required allogenic transfusions, as compared to 83% in the control group. Our experience yielded findings similar to those reported in this study. In our complex patients, 98% complied with ABD estimations and only 14.6% required allogenic blood transfusion.
In patients with less aggressive surgery (group 2) and a predicted blood loss of around 50% of total volume, nearly 97% did not require allogenic transfusions when rHuEPO treatment was associated with the ABD program. However, a significant percentage of autologous donation units were not used (17.3%) in this group, whereas only 8.2% of donated units went wasted in the complex surgery group. Typically, 10% to 25% of autologous blood units are wasted in less aggressive surgery [32, 33, 34, 36, 47, 64, 81, 84] .
The total recommended rHuEPO dose for ABD support is 3,600 IU/kg [31, 70, 82] . Our results show, however, that equally satisfactory results are obtained with lower doses: Group 2 received a total of around 1,900 IU/kg and group 3 received 2,800 IU/kg. Our data concur with those of Lee et al. [54] , who reported improved performance in the ABD program (3 predeposit units) with administration of 1,200 to 1,500 IU/kg to patients scheduled for lumbosacral surgery. We believe it is advisable to adjust the total rHuEPO dose according to the haemogram. The total recommended dose can be decreased while maintaining the efficacy of the treatment. This will reduce the high cost of rHuEPO use, which is one of the disadvantages of this therapy.
In lumbar surgery with blood loss at around 30% of the total volume, the use of blood conservation strategies is questionable. Systematic application of ABD will lead to a high rate of wasted blood units, since it is difficult to estimate the autotransfusion requirements. Our results suggest that surgery in these patients can be carried out without recurring to transfusion, when the patient's haemoglobin levels on the day of surgery are greater than 13 g/dl. This type of surgery would be equivalent to other orthopaedic techniques [6, 22, 24, 30, 70] . With rHuEPO administration, the required haemoglobin levels can be attained quickly and safely.
There were no adverse incidents associated with rHuEPO administration in our series. The high level of satisfaction indicated by the patients during the entire process was remarkable and contrasted with the discomfort associated with repeated blood collection. However, it is important that rHuEPO administration be individualised. Periodic haemograms must be performed to monitor both the haemoglobin levels and the haematocrit. The earliest response showing the effectiveness of rHuEPO administration is an increase in the number of reticulocytes, occurring between day 3 and day 10. The treatment should be withdrawn if haemoglobin levels exceed 15 g/dl [22, 30, 48] . This was the case in three out of ten patients who received treatment with rHuEPO alone, without ABD.
We conclude that surgery involving blood losses under 30% of the patient's total volume can be accomplished without the need for allogenic transfusion, if the baseline haemoglobin level is greater than 13 g/dl. Recombinant human erythropoietin administration is very effective for attaining this level and can be used as the only blood-sparing technique in these patients.
When the expected blood loss is around 50% of the total volume, ABD is the standard technique applied. Addition of rHuEPO to ABD in these patients improves haemoglobin levels and facilitates retrieval of the autologous blood units required. This combination can avoid allogenic transfusion in 95% of the patients.
When surgery is associated with a predicted blood loss close to the patient's total blood volume, the combined blood-sparing technique should always be used. Despite the complexity and aggressiveness of the procedure, with the combination of ABD and rHuEPO, more than 80% of the patients operated will not require allogenic transfusions. 
